The antioxidant properties of aqueous extracts from the dinophycean flagellates Gymnodinium impudicum and Alexandrium affine and the raphidophycean flagellate Chattonella ovata were examined. An electron spin resonance (ESR)-spin trapping method coupled with steady state kinetic analysis showed that all of the extracts directly scavenge superoxide, and that the superoxide scavenging potential of any of the extracts was comparable to that of L-ascorbic acid. As for hydroxyl radical scavenging, the Fenton reaction and the method of ultraviolet radiation to hydrogen peroxide were used as hydroxyl radical generation systems. All of extracts reduced the level of hydroxyl radicals in both of the systems, indicating that the extracts also directly scavenge hydroxyl radicals. Since the levels of phenolic compounds did not correlate with the antioxidant activities of the extracts, substances other than phenolic compounds also appeared to be attributable to the activities. It is of our interest that the scavenging activities of extract from G. impudicum against superoxide and hydroxyl radicals were increased by heat exposure at 100 C and 200 C respectively. Although the reason for the increased activities of the aqueous extract from G. impudicum is not clear, the heatresistance of the extract from G. impudicum might make it a desirable antioxidant.
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Key words: red tide plankton; superoxide scavenging; hydroxyl radical scavenging Several species of marine plankton have been identified as causative organisms of red tide. 1, 2) Chattonella spp., which belong to the raphidophycean flagellates, are one of the most frequently appearing noxious red tide phytoplankters in Japanese coastal waters, and they are highly toxic to fish, especially to yellowtail, Seriola quinqueradiata. Although the underlying mechanisms by which Chattonella spp. exert ichthyotoxic effects are still controversial, suffocation due to gill tissue dysfunction is thought to be the direct cause of fish death. 3, 4) It has been reported that a decrease in oxygen partial pressure of arterial blood was the earliest physiological event in yellowtail exposed to C. marina, and that the gill surface was covered with excessive mucus substances. 5, 6) Also it was found that Chattonella spp. generate reactive oxygen species (ROS), such as superoxide, hydrogen peroxide, and the hydroxyl radical, under normal culture conditions. [7] [8] [9] [10] [11] [12] [13] In a recent study, we found that C. marina and C. ovata continuously produce ROS, such as superoxide, under normal growth conditions. 14) Since ROS have potentially deleterious effects on biological systems due to damage to proteins, lipids, and nucleic acids, and are generally considered to be toxic to living organisms, [15] [16] [17] [18] [19] the ROS generated by Chattonella spp. might be one of the causative factors responsible for the toxic effects. For instance, ROS generated by C. ovata exhibited toxic effects on cultured fish under laboratory conditions, 20) and Heterosigma akashiwo, which also belongs to the raphidophycean flagellates, has been rey To whom correspondence should be addressed. Research Center for Functional Food Materials, Sunny Health Co., Ltd., Saito Biotechnology Incubator, 7-7-15 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan; Tel: +81-72-640-1253; Fax: +81-72-640-1252; E-mail: y.niwano@sunnyhealth.co.jp Abbreviations: SOD, superoxide dismutase; ESR, electron spin resonance; ROS, reactive oxygen species; HPX, hypoxanthine; XOD, xanthine oxidase; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide ported to have an ROS-mediated toxic effect on rainbow trout. 21) In addition, it has been found that C. marina, H. akashiwo, and C. ovata, all of which belong to the raphidophycean flagellates, produce potent radical scavengers against superoxide. 22, 23) That is, aqueous extracts from the flagellates showed scavenging activity against superoxide generated enzymatically by a hypoxanthine (HPX)-xanthine oxidase (XOD) system. The production of superoxide scavenging substances by the flagellates is thought to be a self-defense mechanism against selfproduction of ROS.
Recently, we found by applying an electron spin resonance (ESR)-spin trapping method that dinophycean flagellates, such as Gymnodinium spp., are probably able to produce superoxide scavenging substances. 23) In the case of ROS production by dinophycean flagellates, two studies have recently been reported: Cochlodinum polykrikoides and Karenia mikimotoi generate superoxide, as determined by cytochrome c reduction assay and the chemiluminescence method respectively. 24, 25) However, in our preliminary study, Gymnodinium impudicum did not produce ROS under normal culture conditions. Thus, although the function of antioxidant substances generated by dinophycean flagellates remains controversial in terms of the self-defense mechanisms against self-production of ROS, we expect that the substances generated not only by raphidophycean flagellates but also by dinophycean flagellates can function as novel agents for remedy of the ichthyotoxic effects of red tide flagellates.
Hence, we examined the characteristic features of aqueous extracts from cultures of dinophycean flagellates, G. impudicum and A. affine, in comparison with those from a raphidophycean flagellate, C. ovata.
Materials and Methods
Reagents. Reagents were purchased from the following sources: xanthine oxidase (XOD from cow milk) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) from Labotec (Tokyo); hypoxanthine (HPX), superoxide dismutase (SOD), allopurinol, and 4-hydroxy-2,2,6,6,-tetramethylpiperidine 1-oxyl (TEMPOL) from Sigma-Aldrich (St. Louis, MO); L-ascorbic acid and cytochrome c from Wako Pure Chemicals Industries (Osaka, Japan); nitro blue tetrazolium chloride (NBT) from Polysciences (Warrington, PA). All other reagents used were of analytical grade.
Plankton cultures, chlorophyll determination, and preparation of aqueous extract. The gross appearance of the dinophycean red tide flagellates G. impudicum and A. affine and of a raphidophycean red tide flagellate C. ovata are shown in Fig. 1 . The procedures for the isolation and the cultures of flagellates, the chlorophyll determination of culture, and the preparation of aqueous extract from the culture were identical to those described in our previous paper.
23)
Electron spin resonance (ESR)-spin trapping determinations of superoxide generated by the HPX-XOD cell-free system. The assay used in this study was essentially identical to that described in our previous papers. 26, 27) In brief, 50 ml of 2 mM HPX, 30 ml of dimethyl sulfoxide, 50 ml of aqueous sample, 20 ml of 4.5 M DMPO, and 50 ml of 0.4 U/ml XOD were placed in a test tube and mixed. The mixture was transferred to an ESR spectrometry cell, and the DMPO-OOH spin adduct was quantified 97 s after the addition of XOD. The spin concentrations of DMPO-OOH were determined by the method described in our previous paper. 28) In brief, the double integrals of DMPO-OOH spectra (the areas of DMPO-OOH spectra) were compared with those of a 20 mM TEMPOL standard measured under identical settings to estimate the concentration of the DMPO-OOH adduct. The measurement conditions for ESR (JES-FA-100, JEOL, Tokyo) were as follows: field sweep, 330.50-340.50 mT; field modulation frequency, 100 kHz; field modulation width, 0.07 mT; amplitude, 200 or 250; sweep time, 2 min; time constant, 0.1 s; microwave frequency, 9.420 GHz; microwave power, 4 mW. In an experiment for kinetic analyses by double
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Alexandrium affine Chattonella ovata reciprocal plots, different concentrations of DMPO were added to the reaction system.
ESR analysis of the hydroxyl radical from the Fenton reaction. Fifty ml of 2 mM hydrogen peroxide dissolved in 0.1 M phosphate buffer (pH 7.4), 50 ml of 8.9 mM DMPO dissolved in pure water, 50 ml of aqueous sample, and 50 ml of 0.2 mM FeSO 4 dissolved in pure water were placed in a test tube and mixed. Each mixture was transferred to an ESR spectrometry cell, and the DMPO-OH spin adduct was quantified 113 s after the addition of FeSO 4 . The spin concentrations of DMPO-OH were determined similarly to the case of DMPO-OOH. The measurement conditions for ESR were as follows: field sweep, 330.50-340.50 mT; field modulation frequency, 100 kHz; field modulation width, 0.1 mT; amplitude, 250; sweep time, 2 min; time constant, 0.1 s; microwave frequency, 9.420 GHz; microwave power, 4 mW. ESR analysis of the hydroxyl radical from UVirradiated hydrogen peroxide. It is well known that ultraviolet (UV) radiation directed on hydrogen peroxide results in hydroxyl radical generation. 29) We applied this method for further analysis of hydroxyl radical scavenging. A reaction mixture consisting of 880 ml of 0.3% (v/v) hydrogen peroxide in pure water, 20 ml of 111.25 mM DMPO dissolved in pure water, and 100 ml of each extract in 0.1 M phosphate buffer (pH 7.4) was exposed to UV radiation at 254 nm at 4 W for 2 min with a UVGL-25 compact UV lamp (UVP, Upland, CA). Then the ESR spectrum was measured by coupling to spin trapping with DMPO. The measurement conditions for ESR were the same as those in the Fenton reaction, except that the amplitude was 100. Assay for phenolic compounds. The total content of phenolic compounds was determined by the Folin-Denis method. 30) In brief, 3.2 ml of pure water, 200 ml of each aqueous extract or pure water as a solvent, 200 ml of Folin and Ciocalteu's Phenol Reagent, and 400 ml of saturated sodium carbonate solution were mixed. The absorbance was read at 760 nm after 30 min.
Effect of heat on superoxide and hydroxyl radical scavenging activities. An aliquot (300 ml) of each aqueous extract or L-ascorbic acid solution was exposed to heat (100 C or 200 C) for given times (0-60 or 0-120 min) in an electronic heater. After exposure to heat, each sample was subjected to ESR-spin trapping determination of the superoxide generated by the HPX-XOD cell-free system and of the hydroxyl radical generated by the Fenton reaction, as described above. Percent changes in superoxide and hydroxyl radical scavenging activity were calculated by the following equation: (spin concentration of solvent control À spin concentration of heated sample)/(spin concentration of solvent control À spin concentration of untreated sample) Â 100.
Results and Discussion
When a spin trapping agent, DMPO, was added to a solution of the HPX-XOD reaction system, a spin adduct, DMPO-OOH, was formed. Representative spectra of DMPO-OOH obtained by the addition of solvent alone or aqueous extract of each red tide flagellate are shown in Fig. 2 . To determine whether the extracts would interfere with the enzyme reaction of HPX-XOD, the ESR spin-trapping method was used to evaluate the competitive reaction between DMPO and samples or reference agents. Figure 3 shows double reciprocal plots for SOD, an authentic superoxide scavenger, and for allopurinol, a XOD inhibitor.
31) The linear and intersecting patterns of the double reciprocal plots indicate that SOD acted as a competitive inhibitor of DMPO. On the other hand, the double reciprocal plots show that the inhibition of the DMPO-OOH formation by allopurinol was uncompetitive with DMPO. In the case of flagellate extracts, the linear and intersecting patterns of the double reciprocal plots were similar to those of SOD, indicating that the inhibition of DMPO-OOH formation by the extracts was due to a scavenging effect on superoxide (Fig. 4) . Figure 5 shows inhibition curbs against DMPO-OOH formation in the ESR-spin trapping method with the HPX-XOD system obtained by the addition of different concentrations of flagellate extracts or reference agents. Although the IC50s (concentrations that inhibited the formation of the spin adduct by 50%) for all of the flagellate extracts were higher than that for SOD, they were comparable to that for L-ascorbic acid, and much lower than those for NBT and cytochrome c. These results clearly indicate that any of the flagellate extracts can potently scavenge superoxide in vitro.
In the next experiment, the effect of each extract on the hydroxyl radical was examined. When DMPO was added to a solution of the Fenton reaction system, the spin adduct DMPO-OH was formed. Figure 6 shows representative ESR spectra of DMPO-OH obtained by the addition of solvent alone and of aqueous extract of each red tide flagellate. If the various aqueous extracts interfere with the Fenton reaction as Fe-chelaters, the signal intensity is thought to be reduced, but it appears difficult to assess interference with the Fenton reaction by applying kinetic analysis, as in the case of superoxide, because of a fast reaction between the hydroxyl radical and DMPO. That is, the rate constant between the hydroxyl radical and DMPO has been reported to be on the order of 10 9 M À1 s À1 , whereas the rate constant between superoxide and DMPO is on the order of 10 M À1 s À1 . 32, 33) Hence, we applied the method of UV radiation directed on hydrogen peroxide as a hydroxyl radical generation system instead of applying kinetic analysis. Figure 7 shows representative ESR spectra of DMPO-OH obtained from reaction mixtures exposed to UV-radiation. They indicate that all of the extracts have the ability to scavenge hydroxyl radicals directly. Figure 8 shows inhibition curbs in the ESR-spin trapping method with the Fenton reaction obtained by the addition of different concentrations of flagellate extracts or mannitol as a reference agent. In terms of IC50 values, all of the extracts exerted more potent hydroxyl radical scavenging activity than did mannitol.
To examine further the antioxidative properties observed in this study, the total amount of phenolic compounds in each aqueous extract was quantitatively determined. As shown in Fig. 9 , all of the aqueous extracts were found to contain phenolic compounds at comparable levels of edible and nonedible plant materials (berries, fruits, vegetables, and tree materials) as reported previously. 34) Although the scavenging activities of the various aqueous extracts against superoxide and hydroxyl radicals are perhaps at least in part attributable to phenolic compounds, there was no positive correlation between the amounts of phenolic compounds and either superoxide or hydroxyl radical scavenging activities. As for the active ingredients responsible for antioxidant activity, a preliminary study revealed that the superoxide scavenging activities of extracts were reduced to at least half the level of the original activities following ultrafiltration. In contrast, ultrafiltration did not result in notable changes in hydroxyl radical scavenging activities (data not shown). Therefore, the active ingredients responsible for superoxide scavenging activity are possibly in part different from those for hydroxyl radical scavenging activity. Especially, the former ingredients likely consist of both low and high molecular weight substances. Figure 10 summarizes the effect of heat (100 C and 200 C) exposure on the superoxide and hydroxyl radical scavenging activities. While the superoxide scavenging activities of L-ascorbic acid and the aqueous extracts from both A. affine and C. ovata were reduced by heat exposure at 100 C, the activity of the aqueous extract from G. impudicum was clearly increased by heat exposure of 30-120 min. In the case of hydroxyl radical scavenging activity, although heat exposure at 100 C reduced the activity of the extract from C. ovata, almost no changes were observed in the activities of mannitol or of extracts from G. impudicum and A. affine. Hence, we further examined the effect of heat exposure at 200 C on hydroxyl radical scavenging activity. Decreased activity was found in the extract from C. ovata and increased activity in the extract from G. impudicum. Since it is of keen interest to us that the antioxidant activities of the extract from G. impudicum were increased by heat exposure at 100 C and 200 C, the effect of heat on the content of phenolic compounds was examined (Fig. 11) , but no clear positive correlation The concentrations of the various aqueous extracts, L-ascorbic acid, and mannitol were 15 mg chlorophyll equivalent/ml, 3.1 mg/ml (17.5 mM), and 2.5 mg/ml (13.7 mM) respectively. Each value represents the mean of duplicate measurements.
between antioxidant activities and the phenolic compounds was found. At the present time, the reason for the increased antioxidant activities of aqueous extract from G. impudicum is not clear, but it might be due to any of three levels: i) the existence of heat labile substances that interfere with the activities, ii) structural changes in antioxidant substances toward the increased activities or iii) formation or release of antioxidant substances such as manganese, which has been shown to scavenge the superoxide and hydroxyl radicals. 35) Since the ROS generated by red tide flagellates are thought to be one of the ichthyotoxic factors and the flagellates can escape the attack of the ROS generated by themselves, 20, 21) the superoxide/hydroxyl radical-scavenging substances produced by the flagellates might be novel agents to remedy of the ichthyotoxic effects of red tide flagellates. Particularly, the heat-resistance of extract from G. impudicum might yield a desirable agent. 
